INTRODUCTION
In quantitative ultrasonic nondestructive testing eNDT), modeling the forward problem is an essential step forward for interpreting experimental data, the ultimate goal of NDT. Both numerical or approximate methods are developed. They do not fulfill the same requirements. If simulations are used for research and engineering studies ( optimal transducer design, study of new configurations, complex data analysis ... ), intensive use of the models is sought. Only approximate ones offer the necessary high computing performances. Ultrasonic modeling at the French Atomic Energy Commission (CEA) is based onto continuous developments of two models covering realistic commonly encountered NDT configurations [1] . The associated softwares are implanted in the CIVA system developed at CEA for processing and imaging multiple technique NDT data [2] . Champ-Sons [3, 4] is dedicated to the prediction of ultrasonic fields radiated by arbitrary transducers. Mephisto [5] simulates the testing of a piece by transducer scanning in predicting the echo-structures arising from defects and piece boundaries. Thanks to the CIVA system, predictions are displayed using the same imaging tools as for measured data. The present paper aims at presenting new capabilities and tools of the models recently implemented in CIVA.
The model Champ-Sons has been extended to the case of anisotropic solids [6] . Various tools have been developed for helping transducer design based upon the full capabilities of the Champ-Sons model or using routines of the model for specific developments. A first one is dedicated to the conception of so-called Fermat's transducer, that is, transducer which radiating surface is an equiphase relatively to a point into the piece at which focusing is sought. A second one is dedicated to the optimization of multiple-element transducers developed at CEA [7] for specific configurations. A third one is a tool for helping the understanding of complex transducer diffraction effects. It allows the display of snapshots of the field computed in the region of interest in a video-like representation.
New possibilities have been incorporated into the Mephisto model. These include the definition of cracks of irregular shape. For cracks of regular (planar) shape, the model has been improved so as to account for the generation, propagation and diffraction of surface waves onto the crack [8] . Mephisto is also used in a model-based inversion algorithm for the automatic characterization, positioning and sizing of real defects [9] .
After having briefly recalled the principles of the two models, the paper will present these extensions as well as examples of uses of the new tools available in CIVA.
PRESENTATION OF THE ULTRASONIC NDT MODELS
The two main models developed over the past years at CEA have been presented in this review [1, [3] [4] [5] . Therefore, we will only recall their main characteristics and briefly indicate the underlying theories on which they are based.
Champ-Sons Model of Ultrasonic Field Prediction
Predictions of fields radiated by ultrasonic transducer coupled to the piece under test by either a water layer or a solid wedge are based upon the Rayleigh integral for radiation extended so as to account for the refraction processes arising at the coupling-piece interface. The contribution to the field of a running source-point to a given field-point is calculated by means of the geometrical optics approximation. It is proportional to both the plane wave transmission coefficient for the path of stationary phase between the two points and a factor (divergence factor) accounting for the modification of the refracted wavefront curvatures. The radiation through curved interfaces may be predicted [4] . Arbitrary excitation pulse may be considered, since an impulse-response is computed. Arbitrary transducer surface may be considered as well, including multiple-element transducers. The piece material may be isotropic or anisotropic (the extension to this latter case is presented in details in this review [6] ). Predictions successfully compare with experimental measurements for isotropic materials [3] . Experiences of validation in the anisotropic case are in progress.
Mephisto model of Ultrasonic Inspection .Simulation
Simulations of pulse-echo inspection assume a priori knowledge of the piece and the defects within. Mephisto deals with isotropic materials. Pieces are planar, cylindrical or may have more complex geometry. Crack-like and volumetric defects (spherical voids, side drilled, flat or hemispherical bottomed holes) are modeled. Incident fields are assumed to be known. They may be computed by Champ-Sons, the CIVA system ensuring the connection.
Far-field approximation is made to describe incident beams (which can support Land T components) as products of a retarded waveform with spatial amplitude distributions, along wavefronts either plane or spherical, depending on the transducer type. Beam-defect interaction applies Kirchhoffs approximation adapted to elastodynamics. A time-dependent GTD formulation has been derived to predict Rayleigh wave generation and scattering at the plane surface of crack-like defects [8] . Waves scattered (possibly mode converted) on defects and piece boundaries are taken into account, allowing the prediction of effects such as corner echoes. For a given wave mode between transducer and defect, reciprocity between transmission and reception is assumed. For each transducer position, a A-scan is computed. Simulation of probe scanning allows then to predict B-and C-scan images.
NEW TOOLS IN CHAMP-SONS
Fermat's Transducer Design A Fermat's surface is defined as the geometric locus of points at the same time-offlight of a given field point (geometric focal point). When only one homogeneous medium is involved, the Fermat's surface is spherical, the focal point being its center. When the geometric focal point is located in one medium and the radiating surface in another one (radiation through an interface), the Fermat's surface is not anymore given by an analytical formula but may be determined numerically. A routine of the Champ-Sons software allows for the calculation of such a surface. It gives the path of stationary phase between two points located into the two media involved by inverting the Snell-Descartes' law.
A software has been written that computes the Fermat radiating surface of a transducer, given a geometric focal point, the refracted angle of the ray from the mid-point of the surface to the focal point, the polarity of the waves in the beam (either L or T wave, resulting in two different wavespeeds), the height of coupling medium (water or solid wedge) and the contour of the transducer (rectangular, circular, elliptical, bi-elliptical). Since Snell-Descartes' law to invert depends on the geometry of the interface between the two media, the operator has to specify this geometry (plane, cylindrical convex or concave, the incident plane being parallel or perpendicular to the generatrix). This process may be easily extended to other geometry . Moreover, it is necessary to specify if the focusing is obtained by means of an acoustic lens or by a shaped piezo-element. In the former case, the lens is approximated for a pure phase object (thin lens) so that the flat surface of the piezo-element becomes an equiphase surface. In the latter, the piezo-element surface has directly the wanted Fennat's surface shape, thanks to the piezo-composite technology.
The software computes a data file giving a discrete set of points describing the Fennat's surface that can be used by a computer-aided tool for machining the surface. The same file is introduced as an input of a Champ-Sons computation for predicting the field radiated by the so-called Fermat's transducer. Figure I shows Fermat's surfaces calculated to generate T45° beams through various cylindrical water-steel interfaces for a geometric focusing at 50mm along the acoustical axis. The gray-code gives the local thickness of the piezo-element. Figure 2 shows the resulting wideband (1.5 MHz center frequency) fields computed with Champ-Sons [4] . It is observed that the maximum amplitude (the acoustic focus) is not at the same depth depending on the configuration . This is because the finite aperture of the transducer results in diffraction effects which move the region of maximum focusing. This effect is observed as a general rule so that the optimal surface for focusing 
Multiple-Element Transducer Design
To obtain the highest performances requested by the safety authorities, in defect characterization and adaptation to complex testing configurations, the FAUST system (Focusing Adaptive UltraSonic Tomography) has been developed by the CEA [7] . It relies on optimized multiple-element transducers connected to a multiple-acquisition system, supplying delay and amplitude laws for driving the ultrasonic beam (focusing at various depths, beam steering, adaptive focusing).
If a pixel transducer, that is a transducer with a large number of square elements allows the obtaining of all these possibilities of beam forming, obvious economical reasons lead us to often design a specific transducer for a particular configuration and application so as to minimize the number of elements and of driving and acquisition channels.
Designing optimized transducer array may be computer aided. Again, the ChampSons routine for calculating paths of stationary phase is used. The source surface can be assumed to be flat or having already a given curvature. Curves linking the points situated at equal time-of-flight of a focal point with a phase tolerance (to be chosen) are computed. Figure 3 a) displays these curves for an example described in the figure caption. Figure 3 b) shows the corresponding electrode design. In this example, the further electrode cut into six angular sectors is a supplementary possibility offered for beam forming out of the natural plane of incidence. The design was based onto the less favorable configuration case one wanted to deal with (focusing at a depth of 30mm along the acoustical axis) so as to be able to focuse the beam at deeper depths by simply adapting the time-delay law driving the various elements of the transducer.
Video-Like Representation of Field Snapshots
Champ-Sons computes the time-dependent field at a given set of points, either ID, 2D or 3D. Since a computer only displays 2D bitmaps, a classical image for representing results for a 2D zone is a bitmap of the maximal amplitude at each point of the map by a color code, the axes being those of a 2D zone of computation. Therefore, most of the results computed are not directly accessible.
A pertinent way of imaging the field for a 2D zone is that consisting in giving the instantaneous vibrating state of the field (snapshot) into the zone of computation, and this for every possible instant in the propagation process. A video-like representation has been developed so as to image the field, discrete time by discrete time. At each instant, a bitmap with a color-code for the instantaneous amplitude of the field is displayed. The software is included in Champ-Sons to post-process the computed fields as described.
A window (see Fig. 3 ) with facilities typical of those of a video-tape recorder allows one to play, stop, invert the time of playing etc .. . the ultrasonic scene of propagation . This is a most helpful tool for understanding the actual complex diffraction effects in radiation process. For example, when refraction at an interface between the coupling medium and the piece occurs, it is quite hard to guess what are the interferences processes that give rise to the field structure. Another example is given to illustrate this new imaging tool (see Fig. 4 ). In this example, the same transducer radiating a fairly simple to understand field (that radiated by a flat transducer directly in contact with the piece under test) is excited by either a 8-like excitation pulse, giving rise to a well-known structure of plane wavefront followed by a toroidal edge diffracted wavefront, or by an excitation pulse of 70% relative bandwidth. The relatively complex field structure observable in the latter case is better understood when compared with what happens in the former (transient) case. Until now, a crack was modeled in Mephisto as a portion of a plane, giving rise to strong echoes when reflection process was involved, like corner effects involving reflection onto the back-wall of the specimen and reflection on the crack surface on the way from the transducer or on the way back from the crack. It is now possible to define cracks of irregular shape by means of a user-friendly interface as a succession of plane facets of arbitrary height and tilt angle. Beam-defect interaction is still based upon the Kirchhoff's approximation. This allows to study the effect of a certain roughness of the crack onto the echo-structure. The roughness is presently assumed to be equal all along the crack length (that is, in the direction perpendicular to the plane of incidence), but the possibility of defining a true 2D roughness is under study. The example given in Fig. 5 is the simulation of the testing by a T45° focused transducer of a specimen (a plane interface between the coupling medium and the piece is assumed) in which there are two crack-like defects. The first to be insonified is a perfectly flat crack, the second is a crack of same height and location but of irregular shape. The resulting B-scan shows that the strong echo resulting from corner effect in the former case is of lower amplitude in the latter, and that there exist several supplementary diffraction echoes (both direct and indirect) after interaction with the crack of irregular shape. Indirect echoes are those involving a wavepath from the transducer to the defect passing by the back-wall of the piece both for the incoming and the outgoing waves.
SUMMARY
We have presented in this paper new capabilities and tools available in the models and softwares developed at CEA for ultrasonic NDT simulation. Most are already included in the CIVA system.
Those included in Champ-Sons for field computation constitute very helpful tools for transducer conception and design, given a testing configuration. The ultrasonic transducer is the most important element of the whole ultrasonic system to optimize for successfully inspecting pieces of complex structure and shape typical of those one has to deal with in a nuclear power plant. Both optimized monolithic transducer (Fermat's transducer) and optimized multiple-elements transducers may be designed. The field representation as a video-like sequence of snapshots allows the user to study the interference processes arising in the complex propagation problem of radiation by an arbitrary surface through a refracting coupling-piece interface.
The new capabilities of Mephisto for simulating an ultrasonic inspection allow for a better understanding of complex echo-formation mechanisms on defects, since more realistic geometry of crack can be now modeled. Used either as a tool for helping an expert or as a tool included in a model-based inversion algorithm [9] , Mephisto leads to improved computer-aided expertise that is accurate and pertinent.
The two models are in continual improvement, and as soon as a new capability has been tested (extension of the domain of validity, imaging tool, dedicated application using partially the existing two models), it is included in the CIVA system.
